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Induction of Pyrimidine Dimers in Epidermal DNA of Hairless Mice by 
UVB: An Action Spectrum 
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Argonne National Laborat01y (MJP), Argonne, Illinois, U.S.A. 
An action spectrum for the induction of pyrimidine 
dimers in the epidermis of hairless mice was determined 
between 288 and 307 nm. The presence of pyrimidine 
dimers in tritium-labeled DNA extracted from exposed 
SKH:hairless-1 mouse skin was determined u sing dimer-
specific nucleases from Micrococcus lute us in conjunction 
with sedimentation of the irradiated DNA in alkaline 
sucrose gradients. The rate of induction of pyrimidine 
dimers was maximal at 293 nm. T hese values were u sed 
to propose a UVB tran smission curve for mouse epider-
mis. 
Determination of the ultraviolet action spectrum for a given 
biologic effect is of value in the identification of the primary 
chromophores involved in the photobiologic actions. In the case 
of ultraviolet radiation (UVR)-induced skin carcinogenesis, it is 
generally accepted that wavelengths in the UVB region (280-
320 nm) are more effective than longer wavelengths; however, 
information on the relative efficiencies of t he various wave-
lengths in photocarcinogenesis is sparse. Early studies by Raffo 
[1) defined partially the effective wavelengths for the UVR-
induced skin cancer in rats exposed either to natural sunlight 
or to mercury-arc lamp emissions. He observed that window 
glass which filters wavelengths shorter than 320 nm also elimi -
nated the photocarcinogenic potency of these two sources of 
UVR. Studies by Freeman [2] using monochromatic wave-
lengths have confirmed these findings. Further, Cooke and 
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Johnson [3] measured the relative efficiency of 260, 280, 290, 
300, and 310 nm UVR for pyrimidine dimer induction in haired 
mouse skin, and showed a maximum at about 290 nm. However 
the precise shape of the photocarcinogenesis action spectru~ 
has not been determined. It has been proposed that the correct 
action spectrum to use for photocarcinogenesis would be one 
that coincides with the action spectrum for affecting DNA [ 4). 
There are many problems associated with the determination 
of wavelength dependency for the induction of skin cancer in 
experimental animals. For instance, monochromatic light must 
be generated of sufficient intensity to allow the irradiation of a 
large number of animals in a reasonable period of t ime. In 
addition, the quality of the monochromator must be such that 
scattered light is not a complicating factor. Once these two 
criteria ar e satisfied, the problem of selection of appropriate 
fluences at the various wavelengths remains to be resolved. 
Because of the absorption of UVR in the upper layers of the 
epidermis, surface fluences are of lit tle value in comparative 
studies of wavelength dependency for tumor induction. Free-
man [2], in his studies on tumor induction with monochromatic 
wavelengths, adjusted the surface exposure at each wavelength 
in proportion to the threshold fluence for erythema production 
in untanned human skin. This procedure assumes that the 
action spectra for carcinogenicity in mice and erythema in 
humans are the same. The tumor induction responses he ob-
served at 300, 310, and 320 nm would appear to support a 
similarity in action spectra; however, no tumors were induced 
by the 290-nm radiation at fluences that cause significant 
erythema in humans. Thus the wavelength dependency for 
skin-tumor induction did not precisely parallel that for ery-
thema induction. 
We wish to test the hypothesis that the action spectrum for 
photocarcinogenesis is the same for the induction of DNA 
damage [ 4]. In order to do this, skin surface fluences at each 
wavelength should be adjusted so as to induce the same level 
of DNA damage in basal cells (target cells for tumor induction) 
of the mouse epithelium. In this paper we report our studies on 
the wavelength dependency for the induction of pyrimidine 
dimers in the DNA of mouse basal cells exposed in vivo to 5 
monochromatic wavelengths in the UVB region. These initial 
results are essential for the selection of meaningful fluences to 
be used in future studies on the wavelength dependency for the 
induction of skin cancer in mice. 
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MATERIALS AND METHODS 
Experimental Animals 
T he strain of hairless a lbino mice, SKH:hr-1, used for these studies 
has been described previously [5]. Fema le mice, 12-16 weeks old were 
used in these experiments. 
Radionuclide Labeling of Epidermal DNA 
Groups of mice received 4 i.p. inject ions of 100 ILCi of ["H)-thymidine 
(["H]-dThd, 20 Ci/mmole, New England Nuclear) a t 30-min intervals 
between 2200 and 2400 h. Under these conditions, labeling was re-
stricted to cells within the basal layer [5]. 
Light Source and Exposure Conditions 
Eight to 10 h a fte r the final injection of ["H]-dThd, mice were 
anesthetized by an i.p. injection of Diabutal (Dia mond Lab., Des 
Moine , Iowa; 1 par t Dia buta l:9 parts sa line at a dose of 0.01 ml per g 
body weight ). Anesthetized animals' middorsal backs were exposed to 
graded flu ences of narrow-bandwidth radiation with peak emissions at 
288, 293, 298, 302, and 307 nm. UVR was obtained from a 2.5 kW 
Hanovia high-pressure xenon lamp. The wavelength regions used were 
isolated by a 500- mm Bausch & Lomb monochromator, with ent ra nce 
and exit s li ts set at 5 mm. Scattered light of shorter wavelengths was 
eliminated by using a Corning filter 0-56 in the exit beam [6]. The half 
band wid th of each isolated wavelength region was observed to be 4 nm 
with a spectrorad iometer (model 742, Optron ic Laboratories, Orla ndo, 
F lorida). The !luence rates on the mou e back were 8.68, 6.72, 4.80, 3.16, 
and 1.79 W/ m" at 307, 302, 298, 293, and 288 nm, respective ly, at the 
most in tense poin t in the beam. 
Isolation of Epidermal DNA and Assay for Endonuclease-Sensitive 
Sites (Pyrimidine Dimers) 
Labeled DNA fi·om epi thelia l ce lls of control and inadiated mice was 
isolated and as ayed for endonuclease-sensit ive sites (ESS) exactly as 
described previously [7]. The dimer-specific enzymes were prepa red 
from Micrococcus luteus [8] and were a generous gift from W. L. 
Canier. The reduction in M,. of the DNA by the action of damage-
specific nucleases was determined by sedimentation of the DNA in 5-
20% a lkaline sucrose gradients, as described elsewhere [7]. Weight-
average M,s were calculated [5] from the observed sedimentation 
profiles and used to calcu late the number of ESS (pyrimidine dimers) 
according to the following eq uation: 
number of ESS/ 10' daltons = 10' ( - l-- - 1-) 
M,t M,c 
where M, t a nd M,c a re the number-average M,s of the DNA observed 
with and without treatment wi th damage-specific endonucleases, re-
spectively. Number-average M,s were calculated from 0.5 X the weight-
average M,s since direct calculation of number-average M,. is very 
sensitive to sma ll f1u ctuations in rad ioact ivity in the low-M,. region of 
the gradients. 
RESULTS 
We have used damage-specific nucleases from M. luteus to 
measure the in vivo induction of pyrimidine dimers in mouse 
skin basal cell DNA by 5 narrow-band wavelengths in the UVB 
region. Under the labeling conditions used, la bel was restricted 
to basal cells. Typical sedimentation profiles of radioactive 
epidermal DNA are presented in Fig L From these profiles, we 
calculated weight-average M,s to ca lculate the number of ESS 
(pyrimidine dimers) present in the DNA. For example, from 
Fig 1, the M,. of DNA extracted from a mouse exposed to 2000 
J j m 1 at 307 nm was reduced to 12.8 x 10° from an initia l M,. of 
37 X 10" upon treatment with the damage-specific endonucle-
ases. Thus, 2000 J / m1 at 307 nm induced 
10M( 1 1 ) 0.5 X 12.8 X 101; 0.5 X 37 X 10° 
= 10.2 ESS/ lOH daltons. 
Similm· calculations were made for each flu ence used, at 288 
nm, 293 nm, 298 nm, 303 nm, a nd 307 nm, a nd the results ar e 
plotted in Fig 2. S lopes for these curves were determined by 
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F I G I. Alkaline sucrose gradient profiles of radioactive epidermal 
DNA from S I<H:hr-1 mice exposed to 2000 J / m" at 307 nm. T he DNA 
was incubated in the presence (6 ) or absence (.6. ) of dimer-specific 
nucleases from M. luteus prior to sedimentation. The gradients were 
centrifuged at 30,000 rpm at 20 °C for 180 min. 
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FI G 2. Fluence-response curves for the induction of endonuclease-
sensitive sites (pyrimidine dimers) in the epiderma l DNA of SKH: hr-1 
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TABLE I. Rates of induction of endonuclease-sensitive sites (ESS) t:n 
the DNA of mouse basal cells irradiated in vivo 
Wavelength (nm) 
288 
293 
298 
302 
307 
ESS/ dalton/ J m ' ± SE (X 10 "') 
1.79 ± 0.16 
2.03 ± 0. 16 
1.49 ± 0.10 
l. 20 ± 0.16 
0.32 ± 0.02 
linem· regression analysis and are presented with standard 
errors in Table I. Induction by all wavelengths studied was 
linear. Total fluence at 288 and 293 nm was insufficient to 
confirm the biphasic induction observed at 290 nm by Coo.ke 
and J ohnson [3]. The rate of induction of pyrimidine dimers in 
basal cells in vivo has a maximum at -293 nm a nd decreases by 
a factor of 6.3 between 293 nm and 307 nm. Om data using 
hairless albino mice are close to those reported by Cooke and 
Johnson [3) for the induction of dimers in haired mouse skin, 
measured by two-dimensional paper c11l"omatography. 
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FIG 3. Wavelength dependencies for the induction of endonuclease-
sensitive sites (pyrimidine dimers) in the DNA of frog cells irradiated 
as a monolayer (0 ) [9] and in the DNA of mouse basal ce lls irrad iated 
in vivo (e). The ratio of these two results was used to obtain an 
estimate of the percent surface flu ence transmitted (6 ) to the basal 
cell layer. 
It is of value to compare our results with an action spectrum 
for the induction ofESS in fibroblasts irradiated as a monolayer 
in culture [9]. These data are plotted in Fig 3 along with the 
efficiencies we have obtained for basal cells in vivo. At the 
longer wavelengths, the rate of induction of ESS in both sys-
tems is similar, whereas at shorter wavelengths, fewer ESS are 
induced in the basal cells compared with the fibroblasts. We 
propose that the ratio of the in vivo results to the in vitro values 
is an approximation of the fraction of incident UVR at a given 
wavelength that is transmitted to the basal cell layer. This ratio 
(percent transmission) as a function of wavelength has been 
calculated, and is also presented in Fig 3. 
DISCUSSION 
In this study, we confirm the work of Cooke and Johnson [3] 
that UVR causes ESS (pyrimidine dimers) in mouse skin. Our 
measurements differ somewhat from those of Cooke and John-
son in that the radiochromatographic technique used 'by them 
would not detect cytosine-cytosine dimers s ince the radiolabel 
they employed was present in thymidine. The measurem ent of 
dimers as endonuclease-sensitive sites detects all dimers present 
in the inadiated DNA [8]. We have yet to document the role of 
such DNA photoproducts in photocarcinogenesis. However, 
these data on the wavelength dependency for the induction of 
pyrimidine dimers in mouse basal cells in vivo do provide us 
wi th a good basis for the selection of surface fluences to be used 
in meaningful studies on the wavelength dependency for the 
induction of skin cancer in t his stock of h airless albino mice. 
There is some evidence that UVR-induced damage to DNA 
is an initial step(s) in UVR carcinogenesis. For example, indi-
viduals with the genetic disease xeroderma pigmentosum have 
a reduced capacity for the repair of UVR-induced DNA damage 
Vol. 80, No. 3 
and are susceptible to sunlight-induced skin cance r [10]. In 
addition, the action spectra for pyrimidine dimer formation and 
in vitro transformation are similar between the wavelengths 
240- 313 nm [11]. Finally, studies with the amazon molly, Poe-
cilia formosa, indicate that DNA damage, or more specifically 
UVR-induced pyrimidine dimers, result in thy roid changes, 
described as massive hyperplasia [12]. In these experiments, 
the ability offish cells to photoreactivate enzymatically pyrim-
idine dimers exclusively has been exploited to show a causal 
relationship of the presence of pyrimidine dimers to the for-
mation of thyTOid hyperplasia in fish. Similar experiments to 
evaluate the rol e of pyrimidine dimers in photocarcinogenesis 
in mice are not possible since current evidence would indicate 
that photoreactivation of dimers does not occur in the epidermis 
of mice [13, 14]. However, equivalent wavelength dependencies 
for the induction of pyrimidine dimers and skin carcinomas 
would strongly implicate a role for DNA damage such as 
pyrimidine dimer formation in mammalian UVR carcinogene-
sis. 
An action spectrum may also be useful in predictions of the 
carcinogenicity of polychromatic light sources such as the sun , 
and to help determine whether the tumor induction responses 
previously observed with broad-spectrum light sources repre-
sent an additive, synergistic, or antagonistic effect. 
The deviation of the dimer induction spectrum in the skin 
from the induction spectrum in fibroblasts irradiated as a 
monolayer in cul ture (Fig 3) may be due to a ttenuation of UVR 
by upper layers of the epidermis. Thus, it is possible from these 
spectra to obtain an estimation of the magnitude of the atten-
uation as a function of wavelength. This new approach to 
measuring UVR absorption properties of the skin confirms 
earlier work [15] and shows that the protective effect of the 
skin may be greatest in th e most biologically effective wave-
lengths. 
We are grateful to Dr. H. J. M. Fry for helpful discussions and 
encouragement. 
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Response of Human Skin to Ultraviolet Radiation: Dissociation of 
Erythema and Metabolic Changes Following Sunscreen Protection 
A. D. PEARSE, M.I.S.T., AND RoNALD MARKS, M.B., B.Sc., F .R.C.P., M.R.C.PATH. 
Department of M edicine, Welsh National School of M edicine, Heath Parh, Cardiff, Wales 
After UV irradiation urn~ skin there is an increase 
in epidermal and stratum corne.Qm thickness and an 
increase in the thymidine autoradiographic labeling in-
dex. Previously we have demonstrated that persistent 
exposure to ultraviolet radiation (UVR) alters the distri-
bution and activities of glucose-6-phosphate dehydro-
genase (G-6-PDH) and s uccinic dehydrogenase (SDH) 
within the epidermis; G-6-PDH activity is increased over 
the whole epidermis and SDH activity is diminished in 
the granular cell area but increased in the basal layer. 
When skin is protected by an efficient sunscreen and 
irradiated with UVB, there is almost complete inhibition 
of the erythema normally seen following UVR exposure. 
In this study we have investigated the cytochemical, cell 
kinetic, and histometric changes that take place in the 
epidermis after UVB irradiation, with and without two 
different types of sun~creen. Some of the histometric and 
metabolic changes associated with UVB exposure were 
still evident despite sunscreen protection and the suc-
cessful blocking of the erythema response. The implica-
tions of these findings are discussed together with the 
use of s unscreens to prevent development of solar dam-
age. 
The damaging effect of ultraviolet radiation (UVR) on the 
skin has been known for some time. The early studies of Unna 
[1] and Dubreuilh [2] suggested that prolonged exposure to 
sunlight may result in the development of skin cancer. More 
recently, many workers, notably Blum [3] and Urbach and 
coworkers [ 4,5] have established that the frequency of skin 
cancers is related to the degree of sun exposw·e, geographic 
location, and skin type. 
Manuscript received March 3, 1982; accepted for publication August 
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Abbreviations: 
G-6-PDH: glucose-6-phosphate dehydrogenase 
LI: labeling index 
MED: minimal erythema dose 
MET: mean epidermal thickness 
MSCT: mean stratum corneum thickness 
ODC: ornithine decarboxylase 
PABA: para-aminobenzoic acid 
SOH: succinic dehydrogenase 
SPF: sun protection factor 
UVH: ul traviolet radiation 
As it is now established that prolonged sun exposme can 
have a harmful effect on normal Caucasian skin a nd very 
serious effects on clinically susceptible individuals, the quest to 
find an efficient sunscreen is evident from the volume of pub-
lished li terature on the subject. Most of t he published data 
relating to sunscreen performa nce rely simply on measm ement 
of erythema levels, either in natural sunlight [6, 7), with a n 
artificial light source [8], or both [9). However, Snyder and 
May [10] found that a para-aminobenzoic acid (PABA)-con-
taining sunscreen had the ability to reduce hyperplasia and 
inhibit tumor formation in hairless mice treated with DMBA 
before exposme to UVR. Gurish et al [11] examined skin 
biopsi~s fro_m _mice treated with sunsc1:een preparations before\ 
UVB u-rad1atwn and demonstrated httle or no hyperplasia, 
pigmentation, or parakeratosis compared to controls. Pretreat-
ment with the various sunscreens did not, however, prevent the 
induction of tumor susceptibility as measmed by the sustained 
growth of a UVR-induced tumor which is immunologically 
rejected in normal syngeneic mice. The authors concluded that 
there is a clear distinction between the histologic changes 
induced by UVB and those leading to tumor susceptibility in 
m1ce. 
The purpose of the present study was to determine whether, 
following irradiation with UVR, two fi-equently used sunscreens 
prevented the epidermal response in humans as effectively as 
they protected against the production of erythema. 
MATERIALS AND METHODS 
Areas of previously non-sun-exposed buttock skin (4 X 2.5 em in 
diameter) selected on 10 normal volunteers (6 female, 4 male, mean age 
22 years), who had given their informed consent, were irradiated 10 
times during a 14-day period with a bank of 4 Westinghouse FS20 
flu orescent sunlamps (10-20 mJ /cm" were required to produce 1 mini-
mal erythema dose). These lamps emit a continuous spectrum between 
290 and 380 nm, peaking at 313 nm. T he minimal erythema dose 
(MED) was determined for each individual and was 1-2 min in each 
case. 
The two commerically available sunscreens used were Spectraban 
(2.5% isoamyl-p-N,N-dimethylaminobenzoate) with a un protection 
factor (SPF) of approximately 7 (Stiefel Laboratories Ltd.), and Uvistat 
(4% mexenone) with an SPF of approximately 5 (WB Pharmaceuticals). 
Both these sunscreens are commonly prescribed in Europe at the 
present time. Each of the sunscreens was used on 5 volunteers. Two 
areas on each volunteer had a 6-MED dose of UVH on each occasion, 
one area was protected by one of the sunscreens applied 5 min before 
inadiation, the other erved as an irradiated, nonprotected control site. 
Two other protected sites had 4 MEDs and 2 MEDs of UVR on each 
occasion, respectively. Each protected site was covered wi th either 0.05 
em" of Spectra ban or 50 mg of Uvistat. On conclusion of the irrad iation 
period, 5 x 4 mm punch biopsies were taken from the buttock area, one 
